Characterization of the site-specific recombination system of phage ΦD145, and its capacity to promote recombination in human cells  by Mandali, Sridhar et al.
Virology 408 (2010) 64–70
Contents lists available at ScienceDirect
Virology
j ourna l homepage: www.e lsev ie r.com/ locate /yv i roCharacterization of the site-speciﬁc recombination system of phage ΦD145, and its
capacity to promote recombination in human cells
Sridhar Mandali, Carlos Cardoso-Palacios 1, Lina Sylwan, Elisabeth Haggård-Ljungquist ⁎
Dept. of Genetics, Microbiology and Toxicology, Stockholm University, SE 106 91 Stockholm, Sweden⁎ Corresponding author. Fax: +46 8 164315.
E-mail address: Elisabeth.Haggard@gmt.su.se (E. Ha
1 Present address: Department of Medical Biochemis
University, Box 582, SE-751 23 Uppsala, Sweden.
0042-6822/$ – see front matter © 2010 Elsevier Inc. A
doi:10.1016/j.virol.2010.08.035a b s t r a c ta r t i c l e i n f oArticle history:
Received 18 June 2010
Returned to author for revision 10 July 2010
Accepted 31 August 2010
Available online 28 September 2010
Keywords:
Integrase
Site-speciﬁc recombination
BacteriophagePhage integrases have the potential of becoming tools for safe site-speciﬁc integration of genes into
unmodiﬁed human genomes. The P2-like phages have been found to have different bacterial host integration
sites and consequently they have related integrases with different sequence speciﬁcities. In this work the site-
speciﬁc recombination system of the P2-like phage ΦD145 is characterized. The minimal attB site is
determined to 22 nt with 18 nt identity to the core region of attP. A non-coding sequence on the human
chromosome 13 is shown to be a rather good substrate for recombination in vivo in bacteria as well as in a
plasmid system in HeLa cells when HMG protein recognition sequences are inserted between the left arm-
binding site and the core in the complex phage attachment site attP. ThusΦD145 integrase that belongs to the
tyrosine family shows potential as a tool for site-speciﬁc integration into the human genome.ggård-Ljungquist).
try and Microbiology, Uppsala
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Temperate bacteriophage ΦD145 belongs to the P2-like phages
which share common properties such as homologous structural genes,
gene order and gene control circuits (Nilsson and Haggård-Ljungquist,
2006). An analysis of 38 P2-like phages/prophages infecting Escherichia
colihas shownthat theCproteinshave evolved faster than the structural
genes, and 7 different immunity groups have been identiﬁed (Karlsson
et al., 2006). In addition, only three different host integration sites have
been identiﬁed among these phages and prophages. All themembers of
immunity groups I and II integrate at the same site as phage P2, group III
and IV integrate at the same site as phage WΦ, and group V–VI at the
same site asΦD145.ΦD145 integrates at the 5′ end of the pﬂA gene and
a new start codon is generated for the pﬂA gene.
The integration of the P2-like phages into the host chromosome
requires the phage integrase (Int) and the host architectural protein
IHF (Nilsson and Haggård-Ljungquist, 2006). The P2-like Int proteins
belong to the large tyrosine family of integrases, and like the well
studied lambda integrase (for a review of phage lambda integrase see
Radman-Livaja et al., 2006) they have two DNA-binding domains, the
N-terminal domain that recognizes the arm-binding sites (P1, P2 and
P′1, P′2), present only in the phage attachment site (attP), and the large
C-terminal domain that contains the catalytic site and the core-binding
domain that determines the site speciﬁcity since it also recognizes the
bacterial attachment site (attB). Recombination between the coresequence of attP and attB generates the host phage junctions attL and
attR. The reverse event, excision requires in addition to Int and IHF the
phage encodedCox proteins (denotedApl in the P2-like phage186) that
function as directionality factors by inhibiting integration and promot-
ing excision. The Cox/Apl proteins are multifunctional since they also
act as repressors of the Pc (pL in phage 186) promoters that control
expression of the C and Int proteins (Saha et al., 1987; Reed et al., 1997).
Thus the Cox/Apl proteins couple the developmental switches with the
site-speciﬁc recombination systems.
The core sequence of ΦD145 phage is expected to be identical to
attB of the bacteria, and it is expected to have recognition sequences
for the integrase in the form of an inverted repeat separated by the
crossover region. As can be seen in Fig. 1, there is a central region of 13
identical bases that should include the crossover region that requires
sequence identity between the recombination partners, but outside
this region there are many mismatches. A comparison of the attB site
with the human genome has identiﬁed a location on chromosome 13
with a high identity to attB, denoted ΨattB, that might constitute a
potential site for gene insertions promoted by ΦD145 Int. Therefore
we have initiated a characterization of the ΦD145 site-speciﬁc
recombination system.
Results
Determination of the minimal attB site
There are two imperfect repeats in attP in the presumed core
region that possibly constitute the recognition sites of Int (Fig. 1B).
Since the inverted repeats have many mismatches compared to the
attB region, the length of the attB region required for site-speciﬁc
AB
Fig. 1. Sequence of the attachment sites ofΦD145. A. The DNA sequence of theΦD145 attP region. The presumed arm-binding sites, P1, P2 and P′1 and P′2 and the IHF binding sites
are underlined. The presumed core region is indicated in bold. B. The nucleotides of the core regions of attP, attB, attL, attR, and of the potential integration site in the human
chromosome 13. Bases that are identical to the attP core region are indicated by a dash. The phage sequences are capitalized, and nucleotides common to all four normal substrates
are shaded in gray. Above the sequences the two possible inverted repeats, IR1 and IR2 are indicated with broken lines to indicate the mismatches.
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recombination system with an assay plasmid containing attP within
a 415 nt long fragment and the 31 nt long wild type attB region
(pEE960) or attB regions containing truncations on the left or right
site, with a spacer of 320 nt between the inserted core of attP and theA
C
D
Fig. 2. In vivo recombination between attP and wild type or mutated attB sites. A. Schematic d
recombination. The arrows indicate the location of the primers used for the PCR ampliﬁcation
from plasmids isolated after having been retransformed by the recombination assay plasmid
absence of Int expressing plasmid. C. Frequency of plasmids that after retransformation had
originating from the vector are indicated in gray. Assay plasmids used; pEE960 (attB), pEE964
Δ8-R), pEE969 (attBΔ10-R), pEE961 (ΨattB). D. Frequency of plasmids that after retransform
wild type attB (assay plasmids pEE972 and pEE 974 respectively) or the attPHMG–ΨattB
substrates are indicated by gray shadings and nt identical to attB or attP are indicated by aattB bases was constructed (Fig. 2A). The assay plasmids were
transformed into bacteria carrying ΦD145 Int expressing plasmid
(pEE951). The transformed cells were grown overnight under
selective conditions, the plasmids were extracted and retransformed
into cells lacking plasmid pEE951 and plated on selective media.B
rawing of plasmids used for the recombination assay and the product generated by the
. B. Ethidium-bromide stained agarose gel of three examples of PCR fragments obtained
(lanes 2–4). M, molecular weight markers. 1, PCR of recombination assay plasmid in the
undergone recombination using wildtype, truncated or mutated attB sites. Nucleotides
(attB Δ2-L), pEE965 (attB Δ4-L), pEE966 (attB Δ6-L), pEE967 (attB Δ4-R), pEE968 (attB
ation had undergone recombination in HeLa cells using the attP or the attPHMG sites with
substrate (assay plasmid pEE975). Nucleotides conserved between the attP and attB
dash.
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primers located in the vector on either side of attP and attB, and the
generated fragments were analyzed by electrophoresis. Unrecom-
bined plasmid generates a PCR fragment of 894 nt, while the
recombined plasmid generates a PCR fragment of 597 nt (Fig. 2B).
As can be seen in Fig. 2C, the recombination frequency with the wild
type substrate is about 16%, and the exchangeof theﬁrst 2 or 4nt on the
left side with vector sequences seem to reduce recombination slightly
(attB Δ2-L and Δ4-L), while the exchange of the 6 ﬁrst nt reduced it
below the detection level in this assay (Δ6-L). Thus, the sequence of the
3 ﬁrst nt are not required for recombination. The exchange of the last 4
nt on the right side of attB (Δ4-R) reduces recombination and the
exchange of the last 8 or 10 nt from attB (Δ8-R and Δ10-R) reduces
recombination below detection (Fig. 2C) indicating that the sequence of
the last 4 nucleotides of the attB site is not required for recombination.
Thus T4 to T28 is enough to promote recombination, and since T4, G5, and
T27 are not identical in attP and attB, the minimal attB site would
constitute A6 to T27. However, since the recombination frequency in our
assay system is rather low it cannot be excluded that nt outside this
region might enhance recombination efﬁciency. Furthermore, the
results indicate that IR1 is the likely recognition site since it is most
well centered within the minimal attB site.
Binding of puriﬁed ΦD145 Int and IHF to its wild type and mutated DNA
substrates
The binding capacities of ΦD145 Int and IHF to the wild type and
mutated substrates were determined in vitro using electromobility
shift analysis (EMSA) with puriﬁed proteins. The heterobivalent P2
integrase will in the absence of IHF form a large DNA complex that is
unable to enter the gel (Frumerie et al., 2005), therefore the analysis
was performed in the presence of puriﬁed IHF since this allows the
integrase to bind to the core and arm sites on the same DNAmolecule.
As can be seen in Fig. 3A, the IHF factor binds to the attP substrate,
generating one retarded band, and upon addition of an increasing
amount of Int a new slower migrating band appears.
An analysis of the sequence of attP, indicates three potential IHF
binding sites, two on the left side of the core and one on the right side,
with a good homology to the consensus IHF binding sequence
(WATCAAnnnnTTR) (Friedman, 1988). To clarify if IHF binds to both
sides of the core, the attL and attR regions from the prophage were
ampliﬁed and used as substrates in the EMSA. As can be seen in
Figs. 3B and C, IHF bindswell to both substrates, and the addition of Int
leads to the appearance of a new slower migrating band. A
cooperative binding of IHF and Int can be seen; under conditions
where Int shifts only a small amount of the substrate, the presence of
IHF leads to 100% shift into a slow migrating band.
The Int protein binds poorly to a fragment containing the attB
sequence even at high Int concentrations (data not shown). To
analyze the binding of Int to the wild type or mutated core site in attP,
the region containing the core site and the IHF binding sites, but not
the Int arm-binding sites were ampliﬁed and the capacity of Int to
bind in the presence of IHF was determined. As can be seen in Fig. 3D,
IHF binds to the wild type core, and the addition of increasing
amounts of Int generates initially one retarded band (1) and at higher
concentrations an even slower migrating band (2), possibly repre-
senting the binding of one site only and both sites respectively.
Introducingmutations to make the core sequencemore similar to attB
(T10C, C11G, T25A) have no drastic effects on the Int binding pattern,
but a slight increase of complex 2 can be seen (Fig. 3E).
To clarify if the slowest migrating band (2) represents binding of
Int to both repeats in the core, two of the conserved nt in the left IR1
were mutated (nt 7 and 9, see Fig. 2), denoted attP A7G and G9A, and
the binding of Int was determined. As can be seen in Fig. 3F, the faster
migrating band 1, is readily formed, but only a very small amount of
the slowermigrating band 2 is formed, supporting the hypothesis thatband 1 represents binding to one side only. This indicates that A7 and/
or G9 are important for core recognition.
The sequence differences between attB and ΨattB affect Int complex
formation
A BLASTn search of the attB site with the human genome identiﬁed
a location on chromosome 13 (NT_024524.14, position 59618248–
59618219) with a high identity to attB, denoted ΨattB. Since the
humanΨattB region has two bases i.e. nt 8 and 23, that differ from the
conserved bases of the core and attB sequences, we wanted to
determine if they affect the DNA-binding capacity of Int. Thus, T8 was
mutated to an A, and A23 to a C, respectively, in the cloned attP site,
and the core region including the IHF binding sites, but not the arm-
binding sites, was ampliﬁed and used as substrates for Int binding in
an EMSA. As can be seen in Fig. 4, Int and IHF readily form complex 1
with the respective T8A and A23C base substitutions, but complex 2 is
only formed with the A23C base substitution. This indicates that Int
recognizes the left inverted repeat of the core with a reduced
efﬁciency when it contains the T8A substitution.
The ΨattB is accepted by the ΦD145 integrase in vivo in bacteria
The in vitro DNA-binding experiments indicate that ΦD145 Int is
unable to form the same complexwith theΨattB sequence as with the
wild type attB sequence. To analyze if this affects the capacity of the
Int protein to perform recombination in vivo, the plasmid assay
system used contained the attP and attB or ΨattB sites (pEE960 and
pEE961, respectively), and the capacity of integrase to promote
recombination was determined as described above. Recombination
with the ΨattB containing substrate had occurred in 11 of the 150
plasmids analyzed, compared to 16 out of 100 plasmid analyzed with
the wild type attB. Thus, theΨattB sequence is used as a target with a
lower frequency compared to the wild type attB.
The ΦD145 integrase is functional in vivo in a plasmid recombination
system in human cells
To analyze the capacity of ΦD145 integrase to promote site-
speciﬁc recombination in human cells, the Int gene was cloned into a
eukaryotic expression vector (pIRES-EGFP) generating plasmid
pEE971. The attP–attB region from plasmids pEE960 was inserted
into plasmid pIRESpuro (assay plasmid pEE972), and HMG protein
recognition sequences were inserted between the two IHF binding
sites on the left side of the core sequence in (attPHMG) (assay plasmid
pEE974), since that was found to be required for P2 site-speciﬁc
recombination in an eukaryotic cell extract (Frumerie et al., 2008).
The Int expressing plasmid and the respective assay plasmid were
cotransfected into HeLa cells, and after 48 h of incubation, the plasmids
were extracted and transformed into bacterial cells and plasmids from
single colonies were analyzed for recombination by PCR. The non-
recombinant plasmids should generate a fragment of 963 bp and the
recombinant plasmids should generate a fragment of 656 bp. Recom-
bination between the attP–attB region in the absence of the HMG
sequences were undetectable under the conditions used, but in
presence of the HMG sequences 12% of the plasmids had recombined
(Fig. 2D). Next, the attP–ΨattB region (from pEE961) was inserted into
plasmid pIRESpuro, and the HMG protein recognition sequences were
inserted between the two IHF binding site on the left side of the core
sequence in (attPHMG) (assay plasmid pEE975), and recombination in
HeLa cells were analyzed as described above. The recombination
between attPHMG–ΨattBwas found to be as high if not higher compared
to attPHMG–attB. Twenty of 100 analyzed plasmids in the attPHMG–ΨattB
recombination were recombinants while in the attPHMG–attB recombi-
nation 12 out of 100 plasmids had recombined (Fig. 2D). Thus, in
A B C
D E F
Fig. 3. Electromobility shift analysis of ΦD145 integrase and IHF binding to wild type and mutated substrates. A. Wild type attP region on a 421 nt long fragment, ampliﬁed from
pEE952. B.Wild type attL on a 256 nt long fragment, ampliﬁed fromDNA extracted from strain C-1917. C.Wild type attR on a 330 nt long DNA fragment ampliﬁed fromDNA extracted
from strain C-1917. D. Wild type DNA fragment of 139 nt containing the attP core region and the IHF binding sites. E. The same fragment as in D, ampliﬁed from plasmid pEE955
where the core sequence has beenmutated as indicated below and above the ﬁgure. F. The same fragment as in D, ampliﬁed from plasmid pEE956, where the core sequence has been
mutated as indicated above and below the ﬁgure. The presence or absence of the respective proteins is indicated below the images. IHF concentration was constant (1.5 μM) and Int
was increasing (0.78 μM, 1.56 μM and 3.125 μM, respectively) in A, and in B–F IHF concentration was constant (3.1 μM) and Int was increasing (3.1 μM, 6.3 μM and 12.5 μM,
respectively). The Int concentration without IHF is the same as the lowest concentration of Int in the presence of IHF. A schematic drawing of the DNA substrates with the relative
location of the core (octamer), arm (box) and IHF (triangle) binding sites are indicated above A, B and C.
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attB for site-speciﬁc recombination.
Discussion
In this work, we have initiated a characterization of the site-
speciﬁc recombination system of the P2-like phageΦD145 and tested
its capacity to function in a eukaryotic context. The organization of the
ΦD145 attP site is similar compared to those of phage P2 andWΦ that
belong to different immunity groups and integrate at different host
sites upon lysogenization (Karlsson et al., 2006). The integrases of the
three phages show in an alignment 39% identity, with the highestidentity in the N-terminal domain (69% identity) as expected since
they share the same arm-binding sequences. However, in the case of
P2 only one IHF binding site has been identiﬁed, located between the
P-arm and the core, while in WΦ and in ΦD145 there are IHF binding
sites on both sides of the core (Ahlgren-Berg et al., 2009). It is possible
that P2 also has an IHF binding site between the core and the P′-arm,
which has not been detected but an alternative explanation is that the
six Cox binding sites in P2 compensate for the lack of IHF binding sites
in attL, as compared to WΦ and ΦD145 that only seem to have two
Cox binding sites in the form of direct repeats during excisive
recombination (Ahlgren-Berg et al., 2009). A cooperative interaction
between IHF and ΦD145 integrase to the core in the absence of the
A B
Fig. 4. Electromobility shift analysis of ΦD145 integrase and IHF binding to DNA
fragments of 139 nt containing mutated core sites including the IHF binding sites of
attP, but not the arm-binding sites. A. Ampliﬁcation of the core region with the T8A
mutation was ampliﬁed from pEE957 B. Ampliﬁcation of the core region with the A23C
mutation was ampliﬁed from pEE958. The presence or absence of the respective
proteins is indicated below the images. IHF concentration was constant (3.1 μM) and Int
was increasing (0.8 μM, 3.1 μM, 6.3 μM, and 12.5 μM respectively).
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which also has been shown for P2 integrase.
The attB site contains a sequence of 13 nt (nt 12–24 in Fig. 1) that is
identical to the attP core, and hypothetical Int recognition sequences
in the form of two different inverted repeats were detected within the
attP core/attB region. An in vivo recombination assay with truncated
attB sites, indicates that the minimal attB site is 22 nt that contains 3
nt that differ from the attP core sequence (nt 10, 11 and 25). Making
these nt identical to attB in the attP core sequence was shown to
enhance binding of Int to the mutated core sequence compared to the
wild type core sequence, but changing the conserved nt A7 and G9 in
the core sequence had the opposite effects, a reduced binding in the
gel-shift analysis, conﬁrming the importance of these conserved
sequences. The attB site of phage P2 shows 27 nt identical to the core
of attP, and recently 10 nt of the left side have been shown to be
nonessential for recombination, indicating an attB site of about 17 nt
(Sylwan et al., 2010), i.e. slightly smaller than what is indicated in this
work for ΦD145 attB. Furthermore, using single point mutations
within P2 attB, a non-centrally located quadruplet is indicated as the
overlap region. A more sensitive assay system is needed for the
ΦD145 system to determine the exact size of attB and determination
of what nt constitute the overlap region and what nt are required for
ΦD145 Int recognition.
A BLASTn searchhas revealed a sequence in the human chromosome
13 with a high identity to the core sequence of ΦD145 attP (see Fig. 1).
This sequence, denoted ΨattB has two mismatches in the conserved
region between the core and attB (position 8 and 23 in Fig. 1), and it
seems as if the T8A, but not the A23C change will affect the complex
formed between Int and the core in our gel-shift analysis. In the in vivo
recombination analysis performed in E. coli, the recombination between
the attP and theΨattB site was reduced compared to the wild type attB
site, but high enough to make an attempt to modify it for a
recombination analysis in human cells. It has been shown that the IHF
requirement can be replaced by the insertion of HMG protein-binding
sites in the P2 site-speciﬁc recombination system using eukaryotic cellextracts (Frumerie et al., 2008). Consequently three HMG protein-
binding siteswere inserted on the left side of the attP core in the plasmid
assay system containing attB or ΨattB, and the assay plasmids were
cotransfected with an eukaryotic expression vector containing the
ΦD145 int gene. After isolating the plasmids and transformation into
E. coli, about 20% of the assay plasmids containing theΨattB target had
recombined compared to about 12% with the wild type target. The fact
that the recombination in eukaryotic cells using the plasmid assay
system works without the requirement for a substitution of the IHF
binding on the right side of the core sequence implies that either there is
an intrinsic site that binds some DNA bending protein or that intasome
formation is independent of an inducedDNAbendbetween the core and
the P′-arm, a possibility that is supported by the fact that no IHF binding
site has been identiﬁed between the core and the P′-arm in P2 attP.
The P2 Int protein has been shown to have an intrinsic nuclear
localization signal (NLS) (Frumerie et al., 2008), and a potential
bipartite NLS was located in the C-terminal domain (aa 238–253). The
sequence is not conserved in ΦD145 Int, but using the SignalP server
(http://www.cbs.dtu.dk/sevices/SignalP-3.0) (Bendtsen et al., 2004),
a NLS is predicted at position 222–239. Preliminary data indicates that
also ΦD145 Int is localized to the nucleus of HeLa cells (unpublished
observations), and the importance of the predicted NLS is under
investigation.
Intasome formation may occur by the binding of one of the
subunits of the Int dimer at the core to one arm-binding site and that
the other subunit binds to a site on the other arm as has been
suggested for phage 186 (Esposito et al., 2001). In this model a sharp
bend is required between both arm sites and the core. In themodel for
intasome formation in mycobacteriophage L5, the Int dimer at the
core binds to two sites in the same arm (Lewis and Hatfull, 2003).
Since the number of IHF binding sites and distances between the core
and the arm-binding sites vary in the different systems, further
analysis of the requirements for the IHF binding sites in ΦD145 for
integration and excision is needed.
The above results indicate that the ΦD145 site-speciﬁc recombi-
nation has the potential to become a useful tool for site-speciﬁc
recombination in eukaryotic cells, but more basic knowledge about
the system is required.
Materials and methods
Strains and plasmids
Bacterial strains and plasmids are shown in Table 1. For plasmid
constructions see Supplementary materials.
Protein puriﬁcation
Integrase puriﬁcation
ΦD145 Int was puriﬁed after induction of E. coli BL21(DE3)pLysS
cells containing plasmid pEE950 as described previously (Frumerie
et al., 2005). The ﬁnal concentration was 517 μM and the preparation
was at least 95% pure as judged by SDS-PAGE.
IHF puriﬁcation
His-IHF was puriﬁed as described by Frumerie et al. (2005). The
ﬁnal concentration was 204 μM, and the purity was estimated to
about 95%.
Electromobility shift analysis (EMSA)
PCR ampliﬁed DNA fragments were puriﬁed by gel extraction using
QIAEX II (Qiagen). The PCR fragments were labeled either at the 5′ end
with [γ-32P] ATP (GE Healthcare) or at the 3′-end with digoxigenin-11-
ddUTP by using terminal transferase as recommended by the
manufacturer (Roche, DIG Gel shift kit 2nd generation), and puriﬁed
Table 1
Bacterial strains and plasmids used.
Bacterial strains or plasmids Pertinent features Origin or reference
Strains
BL21(DE3) E. coli B strain containing the T7 polymerase Studier et al., 1990
C-1a F−, prototrophic Sasaki and Bertani, 1965
C-1917 C-1a lysogenized with ΦD145 G. Bertani
DH5α endA1, hsdR17(r−Km+K), glnV44, thi-1, recA1, gyrA (Nalr), relA1, Δ(lacIZYA-argF)U169
deoR {Φ80dlac Δ(lacZ)M15}
Woodcock et al., 1989
Plasmids
pACYC177 P15 derivative Chang and Cohen, 1978
pEE950 pET8c derivative, expressing ΦD145 Int This work
pEE951 pACYC derivative, expressing ΦD145 Int from the T7 promoter This work
pEE952 pET8c derivative with ΦD145 attP region This work
pEE955 pEE952 derivative with ΦD145 attP region where the core region has been
mutated: T10C, T11G, T23A
This work
pEE956 pEE952 derivative with ΦD145 attP region with the A7G and G9A mutations This work
pEE957 pEE952 derivative with ΦD145 attP region with T8A mutation This work
pEE958 pEE952 derivative with ΦD145 attP region with A23C mutation This work
pEE960 pGFPuv derivative with the complete ΦD145 attP site and nt 1–31 of the attB
sites ﬂanking the T7 terminator
This work
pEE961 pGFPuv derivative with the ΦD145 attP and ΨattB sites ﬂanking the T7 terminator This work
pEE964 pGFPuv derivative with the complete ΦD145 attP site and nt 3–31 of the attB site This work
pEE965 pGFPuv derivative with the complete ΦD145 attP site and nt 5–31 of the attB site This work
pEE966 pGFPuv derivative with the complete ΦD145 attP site and nt 7–31 of the attB site This work
pEE967 pGFPuv derivative with the complete ΦD145 attP site and nt 1–27 of the attB site This work
pEE968 pGFPuv derivative with the complete ΦD145 attP site and nt 1–23 of the attB site This work
pEE969 pGFPuv derivative with the complete ΦD145 attP site and nt 1–21 of the attB site This work
pEE971 pIRES-EGFP derivative containing the ΦD145 int gene cloned between the XhoI
and PstI sites
This work
pEE972 pIRESpuro derivative containing the ΦD145 attP–attB region of plasmid pEE960 cloned
between the EcoRI And NotI sites
This work
pEE973 pIRESpuro derivative containing the ΦD145 attP–ΨattB region of plasmid pEE960 cloned
between the EcoRI And NotI sites
This work
pEE974 Derivative of plasmid pEE972 where the HMG box sequences were inserted between
two IHF sites on the left side of the core in ΦD145 attP
This work
pEE975 Derivative of plasmid pEE973 where the HMG box sequences were inserted between
two IHF sites on the left side of the core in ΦD145 attP
This work
pET8c Cloning vector containing the T7 promoter Studier et al., 1990
pLysS Plasmid expressing a low level of T7 lysozyme, p15 replicon Studier et al., 1990
pGFPuv Cloning vector Clontech
pIRES-EGFP Cloning vector Clontech
pIRESpuro Cloning vector Clontech
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labeledDNA(about0.043pmol)was incubated for 20 minat30 °Cusing
32P-labeled substrates, and for 15 min at room temperaturewhen using
DIG-labeled substrates, with different amounts of puriﬁed ΦD145
integrase and/or IHF in a ﬁnal volume of 20 μl including 4 μl of 5×
Binding Buffer (60 mMHepes–NaOH pH 7.7, 60% glycerol, 20 mM Tris–
HCl pH7.9, 300 mMKCl, 5 mMEDTA, 0.05 mg/mlpoly dI/dC, 0.3 mg/ml
BSA and5 mMDTT). Theﬁnal concentrationsof theproteins are given in
the ﬁgure legends. The reactions were loaded on a 5% non-denaturing
polyacrylamide gel (29:1) and run on a water-cooled Protean II xi Cell
(BioRad) at 20 mA. When using 32P-labeled substrates the gels were
dried before phosphorimager analysis. When using DIG-labeled DNA,
the DNA was transferred to a nylon membrane by electroblotting and
visualized using the anti-Digoxigenin-Ap antibody and the chemilumi-
nescent substrate CSPD. The chemiluminescent signals were measured
by Las1000, Fujiﬁlm.
In vivo recombination assay in E. coli
Recombination assay plasmids containing wild type or mutated attB
and attP regions, were transformed into BL21(DE3)which contained the
compatible plasmid pEE950 expressing ΦD145 integrase. After trans-
formation, the cellswere incubated overnight under selective conditions
and plasmid was puriﬁed, transformed into DH5α and selected for
ampicillin resistance. 100–200 randomly picked colonies were analyzed
for recombination by PCR using primers gfpfor (GGC ACG ACA GGT TTC
CCG ACT GG) and gfprev (CCT TCA CCC TCT CCA CTG ACA G) located on
either sideof theatt sites. A fewrecombinationproductswere sequencedand shown to have recombinedwithin the central 13 identical nt region
as expected.In vivo recombination assay in human cells
HeLa cells were maintained in DMEMmedium supplemented with
9% FBS, 1% glutamine and 1% penicillin/streptomycin and incubated at
37 °C in a humidiﬁed incubator with 5% CO2. Cells were grown in a 6
well plate until they were sub conﬂuent and transfected by ExGen 500
(Fermentas) with a ratio of 6 equivalents per μg of DNA. Recombi-
nation was performed with 1 μg of Int expressing plasmid, pEE971,
and 200 ng of the respective recombination assay plasmid, pEE974 or
pEE975. After 48 h incubation of the transfected cells, plasmids were
recovered by the method described by Ziegler et al. (2004) for low
molecular weight plasmids. The recovered plasmids were trans-
formed into E. coli DH5α and recombination was analyzed by colony
PCR using primers in vivo ecor1 (AAA AAG AAT TCG GCA CGA CAG GTT
TCC CGA CTG G) and in vivo not1 (AAA AAG CGG CCG CCA CCT TCA
CCC TCT CCA CTG) located on either side of the att sites. Using the
same conditions as described above, transfection with a GFP
expressing plasmid shows 30–40% efﬁciency of the HeLa cells.Acknowledgments
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